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Abstract

A coupled global atmosphere-ocean model is employed to investigate the impact of initial
perturbation methods on the behaviour of five-member ensemble decadal re-forecasts. Three
initial perturbing strategies, which are atmosphere only, ocean only and atmosphere-ocean,
have been used and the responses of selected variables have been investigated. The impacts
are assessed with respect to climate drift, forecast quality and spread. The simulated global
means of near-surface air temperature (T2M), sea surface temperature (55T) and sea ice area
(SIA) for both Arctic and Antarctic show reasonably good quality, in spite of the non-negligible
drift of the model. The skill is not significantly affected by the particular perturbation
method employed. Fast ensemble dispersion can be generated for T2M, SST and land surface
precipitation (PCP) in all cases with any of the perturbation methods. However, for SIA,
Atlantic meridional overturning circulation (AMOC) and ocean heat content (OHC), the spread
increases substantially during the forecast time when oceanic perturbations are applied.
Oceanic perturbations are particularly important for Antarctic SIA and OHC for the middle and
deep ocean. The results might be helpful in designing ensemble experiments in more efficient
ways in which a smaller ensemble size can be used without under-sampling uncertainties for
the most useful variables.
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1. Introduction

Climate-change projections and near-term climate prediction (also known as decadal
prediction) attempt to satisfy a growing demand for climate information for this century. It is
well established that, based on knowledge of the initial conditions, important aspects of
regional climate are predictable up to a year ahead. Predictability at this time scale is
primarily, though not solely, associated with the El Nifio Southern Oscillation (ENSO). While
climate forecasting is currently addressing the problem of climate prediction up to one year
(e.g., Doblas-Reyes et al., 2009; Weisheimer et al., 2009; Hermanson and Sutton, 2010),
decadal prediction focuses on time scales of several years to a few decades (e.g., Smith et
al., 2007; Meehl et al., 2009).

There have been attempts to predict interannual-to-decadal climate variations using
empirical models that take into account persistence of anomalies and/or changes in boundary
conditions, i.e. atmospheric composition and solar irradiance (e.g. Lean and Rind, 2009;
Hawkins et al., 2011). Others (e.g. Raisanen and Ruokolainen, 2006; Ruokolainen and
Raisanen, 2007) have employed the boundary-forced climate projections performed as part of
the Third Coupled Model Intercomparison Project (CMIP3; Meehl et al., 2007), from where the
part of the simulations corresponding to the first few years of the XXI Century were used to
issue a climate prediction for the near term. As a slightly more ambitious alternative,
dynamical decadal prediction explores the ability of the type of climate model employed in
the Intergovernmental Panel for Climate Change (IPCC) assessments to predict regional
climate changes in the near future by exploiting both initial-condition information and
changes in boundary conditions. This approach aims to take advantage of the predictability of
natural climate variability to make predictions.

For any decadal prediction system, a critical question is to understand how far ahead the
mean climate is predictable at regional spatial scales with some useful level of skill and
enough reliability. The relative importance of the initial conditions in climate prediction is
supposed to vary with the time scale, but has been assumed to be a continuous function that
decreases with forecast time, becoming negligible after several decades (Hawkins and Sutton,
2009). For the time scales ranging between a few seasons to a couple of decades, previous
work (Smith et al., 2007; Keenlyside et al., 2008; Pohlmann et al., 2009; Mochizuki et al.,
2010) has shown evidence that the initial state of the ocean, sea-ice, land and atmosphere
can influence climate forecasts a decade or more ahead. In the context of initialized decadal
prediction, the question of the extent to which a better knowledge of the initial conditions of
the climate system contributes to the quality of these forecasts is related to the way the
ensemble is generated to provide reliable forecasts.

The strategy followed for the initialization of the decadal predictions has so far been quite
different from that used in seasonal forecasting. For instance, Smith et al. (2007), Pohlmann
et al. (2009) and Mochizuki et al. (2010) used the so-called anomaly initialization method,
where ocean observations are assimilated in the form of anomalies into the coupled model
taking, or not, into account the error covariance of the coupled model. In Keenlyside et al.
(2008) only observed sea surface temperature (SST) anomaly information was used to
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initialize the coupled system, with no further restrictions in deeper ocean temperature or
salinity. In seasonal forecasting, however, it is common practice the separate initialization of
the ocean and the atmosphere, data assimilation being used to bring the state of each
component of the coupled model close to the observed state. In this study, we use the EC-
Earth climate forecast system (Hazeleger et al., 2010) to investigate how the initial-
perturbation strategy behaves in a decadal forecasting context. The criteria for the
assessment are the extent to which atmospheric and ocean variables are sensitive to the
initial-condition perturbations in the forecast range from one to five years, i.e. beyond the
generally accepted limit of ENSO-related predictability.

A brief summary of the experiment follows in Section 2. The most relevant characteristics in
terms of model drift and forecast quality results are given in Section 3. The differences in the
spread of the main climate variables, is described in Section 4 and the main conclusions are
summarized in Section 5.
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2. Experimental setup

2.1 The forecast system

EC-Earth (Hazeleger et al., 2010) is a coupled atmosphere-ocean model developed by a
number of meteorological services and research groups in Europe. Its atmospheric component
is a version of IFS which is the operational numerical weather predicting system from the
European Centre for Medium-Range Weather Forecast (ECMWF). It has 62 vertical levels and
uses a TL159 horizontal resolution. For the oceanic component, NEMO (Nucleus for European
Modelling of the Ocean), a state-of-the-art oceanic modelling system from the Institut Pierre-
Simon Laplace (IPSL) in France, has been used with the ORCA1 configuration. For sea ice, the
Louvain-la-Neuve (LIM2) sea-ice model is directly coupled to NEMO. The atmospheric and
ocean components are coupled together via a coupler called OASIS3.

2.2 Experiments

The primary purpose of this study is to investigate the sensitivity of the EC-Earth forecast
system to different ways the ensemble is generated. Three ensemble forecast experiments
have been performed. The experiments differ from each other by using different sets of
initial perturbations. The five-member ensemble re-forecasts start on the first of November
every five years over the period 1960 to 2005 and run for 60 months. These starting dates are
selected so that they follow the CMIP5 experimental setup (Taylor et al. 2011).

The first experiment only uses atmospheric perturbations (AP). The second experiment starts
the five members of each ensemble from one of the NEMOVAR-COMBINE re-analyses (oceanic
perturbations; OP). The third experiment uses both atmospheric and oceanic perturbations
(OAP).

The atmosphere and land surface initialization was taken from the ERA-40 reanalysis (Uppala
et al., 2005) for all start dates before 1989 and ERA-Interim afterwards. The atmospheric
perturbations are applied to all members except for the first one and are based on the
operational singular vectors (Magnusson et al., 2008). The perturbations are added at the
initial time to all the prognostic variables except humidity.

The ocean initial conditions have been taken from the 3D-Var five-member ensemble ocean
re-analysis known as NEMOVAR-COMBINE (Balmaseda et al., 2010). The re-analysis has been
performed with a variational data assimilation system based on the ocean model NEMO v3.0
where profiles of temperature and salinity from a quality controlled EN3_v2a data set
(Ingleby and Huddleston, 2007) were assimilated. The assimilation cycle is 10 days and a bias
correction method has been included. The NEMO model is forced by ERA40 fluxes from 1957
to 1988 and by ERA-Interim thereafter (Balmaseda et al. 2010) and includes a strong
relaxation to observed SSTs. The reanalysis covers the period of 1958-2009. The five
members are generated by perturbing the wind stress, the ocean initial conditions and the
subset of observations assimilated. The comparison with independent observations shows that
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the assimilation of ocean data helps constraining the uncertainty introduced by ocean models
and forcing fluxes, mostly in the upper ocean.

The sea-ice initial conditions are produced from a NEMO v2.0 coupled to LIM2 driven by the
DFS4.3 ocean forcing data (Brodeau et al. 2009). This forcing dataset is derived from
ERA40/ERAInterim with corrections on tropical surface air humidity, Arctic sea surface
temperature and global wind field based on high quality observations. Note that no volcanic
aerosol load is applied during the re-forecasts.

3. Drift and forecast quality assessment

3.1 Drift

In full initialization forecast experiments, model inadequacy causes simulations to drift away
from the observed climate towards an imperfect model climate. Estimates of the drift,
considered as the bias evolution with forecast time, have been computed for the three
experiments (OP, AP, OAP) using different reference datasets. The model bias is the
difference for a specific forecast time between an estimation of the model and observed
mean climates. The subset of modelled and observed data used to estimated the respective
climatology is selected following a per-pair method (Garcia-Serrano and Doblas-Reyes 2011)

The global-mean two-metre air temperature (T2M) for the NCEP/NCAR (NCEP/NCAR R1,
Kalnay et al. 1996) and ERA-Interim reanalyses shows a mean climate approximately 0.5°C
warmer for the latter than for NCEP/NCAR R1. The ERA data appears to show a larger annual
amplitude with higher summer temperature as well. This is due to the different orography
used by these reanalyses. The model drift shows a fast cooling during the first two years and
a more stable climate during the second half of the integration (Fig. 1a). Land-only globally-
averaged T2M displays the same behaviour along the forecast time (not shown). The largest
biases in both global and land-only T2M take place during boreal winter (December-to-
February) and summer (June-to-August).

The model globally averaged land-only precipitation (PCP) is compared with three
observational datasets, GPCC (Rudolf and Schneider 2005), GPCP (Adler et al. 2003) and CRU
TS3.0 (Mitchell and Jones 2005) in Figure 1b. The GPCP data obviously have the largest values
among these three datasets for the whole period. The CRU values are close to the GPCC
values along the whole annual cycle. The model underestimates the PCP along the forecast
time, with a slight tendency of the drift towards wetter conditions after the first forecast
year. The amplitude of annual cycle of observations is not reproduced.
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Fig. 1: Evolution of the observational and model climatologies for T2M global-mean (a), global land
precipitation averaged over 60°S-65°N (b), and SST averaged over 60°S-65°N ( c) along the re-
forecasting time, based on monthly means. The climatologies are computed based on the
reference period for which both observations and re-forecasts for a specific forecast time are

available.

The model sea surface temperature (SST) is compared with three observational datasets,
NOAA Extended Reconstructed SST v3b (hereafter ERSST, Smith et al. 2008), HadISST v1.1
from the UK Met Office (hereafter HadISST, Rayner et al. 2003), and the NEMOVAR reanalysis.
On average, HadISST yields a 0.2-0.3 K warmer seasonal cycle than ERSST and NEMOVAR,
whereas ERSST and NEMOVAR are close during boreal winter and spring (December-to-April)
and diverge during summer and autumn (May-to-November). As for T2M, the re-forecast
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global-mean (60°5-65°N) SST depicts a cooling drift during the first two forecast years,
stabilizing afterwards (Fig. 1c) in agreement with what is found for T2M. There is an initial
shock with warm SSTs in the first half of the first forecast year, before the re-forecasts start
the cooling drift. Larger SST biases are present during summer and early-winter (July-to-
December) than during the rest of the year.
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Fig. 2: Evolution of the observational and model climatologies of OHC for mixed layer (a), 0-300m
(b), 300-800m (c) and 800-bottom (d) along the forecast time, based on monthly means. The
climatologies are computed based on the reference period for which both observations and re-
forecasts for a specific forecast time are available.

To assess some aspects of the drift in the ocean, the re-forecast global ocean heat content
(OHC) climatology is compared with the NEMOVAR ocean reanalysis. Four different layers
have been selected to assess the OHC drift: from the mixed, the upper (0-300m), mid (300-
800m) and deep (800-bottom) oceans (Fig. 2). Note that the OHC for mixed layer is only for
10N-65N of Atlantic and OHC for other layers are for global. For mixed layer, warming and
cooling drift is found respectively in boreal winter and summer season. Contrary to
atmosphere (T2M) and surface ocean (SST) drift, the upper ocean OHC shows a warming with
forecast time, while the mid layer shows a fast cooling drift during the first half year of the
forecast time and gains heat during the second half of the re-forecast time. A monotonic
cooling drift in the deep ocean represents a persistent, pronounced heat flux from the deeper
ocean upward to the surface. This feature may explain both the warming drift in the
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intermediate layer in the second half of the integration and the heat storage in the upper
layer with forecast time.
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Fig. 3: Same as Fig. 1, but for Arctic Sea ice extent (a), Arctic sea ice area (b), Antarctic sea ice
extent (c) and Antarctic sea ice area (d).

For sea ice, sea-ice extent (SIE) and sea-ice area (SIA) are two commonly used variables to
assess the performance of models in re-forecasting sea ice. SIE is the area of sea where ice
coverage is above a specified threshold, usually 15% (Meier et al. 2007). The model SIE and
SIA in the Arctic (Fig. 3a, b) and Antarctic (Fig.3 ¢ and d) is compared with two observational
datasets: HadISST (Rayner et al. 2003) and NSIDC (Cavalieri et al. 1996). For these two
datasets, the SIE values are close to one another, but SIA values are, on average, larger in
HadISST than in NSDIC.

In terms of SIE, the model climatology fits both HadISST and NSIDC seasonal cycle in both
Arctic and Antarctic, albeit showing a clear underestimation for all forecast times. EC-Earth
shows an increasing trend for Arctic (Fig. 3a) and a decreasing trend for Antarctic (Fig. 3c)
over the whole reforecast periods and depicts larger extent during late summer and late
winter. With respect to SIA, Arctic shows a negative drift in the first two reforecast years and
starts to recover afterwards. Antarctic SIA depicts negative drift in late winter and positive
drift in late summer and becomes stabilized afterwards. There is also an initial shock towards
lower Antarctic SIE values during the first boreal winter in the forecast.
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Fig. 4: Same as Fig. 2, but for Area averaged AMOC (30N-40N and 1-2km deep).

The EC-Earth systematic error in the Atlantic meridional overturning circulation (AMOC) has
also been evaluated and compared to estimates from the NEMOVAR reanalysis (Fig. 4). The
area averaged (30N-40N and 1-2km deep) AMOC shows a similar magnitude compared to the
observations. However, they are not consistent in terms of seasonal variations. It also depicts
a slightly decreasing trend with lead time.

3.2 Forecast quality assessment

To assess the quality of the predictions, correlation between the bias-corrected ensemble-
mean predictions and the available observations have been estimated. All monthly anomalies
are calculated by subtracting the monthly climatology. Statistical significance is assessed
using a two-tailed Student’s t-test for correlation at the 95% confidence level.

Figure 5a shows the correlation between the three experiments and the two sets of observed
T2M, NCEP/NCAR R1 and ERAInterim. The re-forecasts show a good agreement with
NCEP/NCAR R1, but bad performance with respect to ERAInterim. This is partly due to the
different periods used to compute the correlation, NCEP having a much longer record than
ERAInterim. When the correlation for NCEP/NCAR R1 is computed based on the same period
as the ERAInterim the results also show a low correlation (not shown). One of the main
failures of this set of re-forecasts is the underprediction of the effects of the Agung, El
Chichon and Pinatubo eruptions and the typical lack of skill to predict the ENSO events (in
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1c3

particular the one occurred in 1997-1999) beyond the second year of the forecast. These
effects are particularly noticeable in small samples such as the one used in the verification

against ERAInt (Garcia-Serrano and Doblas-Reyes 2011).
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Fig. 5: Anomaly correlation coefficient (ACC) for T2M (a), SST (b) and sea ice area for Arctic (c) and
Antarctic (d) between each experiment and different observational data. The correlations are
computed based on the reference period for which both observations and re-forecasts for a
specific forecast time are available. Anomalies have been smoothed based on 12-month running
average. Confidence intervals (a<0.05) for correlations are drawn between thin lines.

Figure 5b shows the correlation for a global-mean estimate of the SST. The re-forecasts show
a good skill compared to all three observational datasets. Similar to T2M, the correlation in
the middle of the re-forecasting period is relatively weak. This might be also due to the
failure in re-forecasting the strong ENSO events of 1997-1999.

Figure 5c and 5d depict the correlation for SIA of Arctic and Antarctic respectively. The
model results also show a good skill compared to HadISST , but not with NSIDC. This is also
due to the relatively short record for NSIDC, which results from under-sampling of data. The
model shows some skill in the first two leading years compared to HadISST for the Antarctic
and the performance rapidly decreases afterwards. When only the data of HadISST after 1978
are used, the model does not show correlation either (not shown).
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For precipitation, OHC, and maximum, latitude and depth of AMOC, no statistically significant
correlation have been found (not shown). For OHC and AMOC, this is not surprising because
huge uncertainties exist in the ocean initial conditions due to lack of observations before
1980s. For precipitation, numerical models usually do not have much skill.

4 Spread

The distance between the maximum and the minimum ensemble member averaged across all
starting dates is used to characterize the ensemble spread because more traditional methods,
such as the standard deviation around the ensemble mean will give a less robust estimate
with such small sample size (five values). Unlike the forecast quality assessment, statistical
significance with a confidence level of 0.95 for the spread is estimated using a non-
parametric bootstrap test due to the limited ensemble members.

Figure 6a shows the range between the maximum and minimum T2M (maximum minus
minimum) across the five ensemble members of the AP, OP and AOP experiments. After about
one year, a large spread has been generated in all cases, although the spread seems to grow
faster when oceanic perturbations are used. Either AP or OP seems to be adequate to sample
the initial-condition uncertainties.

Figure 6b shows a similar analysis for SST. Similar to T2M, the spread the three experiments
produce is close to each other. An interesting feature is that, in the last couple of months, it
seems that OP is driving a larger dispersion compared to AP and AOP. It might be useful to
have some longer runs to check how this feature evolves with the forecast time.

For land-only precipitation (Figure 6c), the spread is generated earlier (in half year)
compared to T2M and SST. No initial-perturbation methods show dominance in producing a
larger spread.

Figure 6d and 6e display the effect of the initial perturbations on the spread of SIA over the
Arctic and Antarctic regions. The spread increases with the forecast time in all cases for the
Arctic. A slight superiority to generate a larger spread is found for OP in the first three years.
For Arctic, the spread also increases with forecast time over the Antarctic and OP shows a
systematic larger dispersion.

With respect to AMOC, Figure 6f shows the spread for the area averaged AMOC (30-40N and 1-
2km deep). Perturbation methods do not seem to show obvious influences in the first two
years. However, atmospheric perturbations seem to be more important and produce more
spread after four years.
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Fig. 6: Ensemble maximum minus Ensemble minimum of smoothed anomaly climatologies of each
member with 95% confidence interval (between the thin lines ) for T2m (a), SST (b), Precipitation
(c), Arctic SIA (d), Antarctic SIA (e) and AMOC (f). Anomalies for each member, which are used to
compute the ‘maximum minus minimum’, have been smoothed based on 12-month running
average. The statistical significance for the spread is estimated using a non-parametric bootstrap
test.

Figure 7a, 7b, 7c and 7d show the spread for global OHC of the mixed, the top (0-300m),
middle (300-800m) and lower (800-bottom) layers. In all four layers, the magnitude of the
spread increases with the evolution of forecasting time. For mixed layer, three perturbation
methods produce similar magnitudes of dispersion. However, it seems that AP produces less
spread in late summers compared to OP and AOP. For the top layer, AP has an almost linearly
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increasing spread, but it produces a magnitude of spread similar to the experiments with OP
in the last forecast year. For the middle and bottom layers, OP produces systematically more
spread than AP. This is mainly because of the large observational uncertainties introduced in
the NEMOVAR ocean reanalysis.
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Fig. 7: Same as Fig. 6 but for OHC of mixed layer (a), OHC of 0-300m (b), OHC 300-800m (c) and
OHC 800-bottom (d).

5. Conclusions

Different perturbation strategies are employed to investigate the responses from the EC-Earth
forecast system in our study in a decadal prediction context. The forecast system was
initialized using the best estimates of the observed climate, which is known as full
initialization. Three different five-member ensemble experiments were carried out with
perturbations in the atmospheric component only, in the oceanic component only and in
both.

The particular initial perturbation method does not affect how the re-forecasts drift away
from the observed climate or their correspondence to the observations, which has been
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measured using the difference between the model climatology and the corresponding
observational climatology. For most atmospheric variables, climate drift usually happens in
the first 1-2 years and stabilizes afterwards. T2M and SST show a cold drift. The global-mean
land precipitation is underestimated and shows less variability than the observations, in
particular, the maximum values of the inter-annual changes are not well captured. OHC in
several layers and AMOC also show some substantial drift, especially for OHC which shows a
warmer top layer and colder deep layer, indicating that the heat exchange between different
levels of the ocean are not well represented.

The forecast quality estimates suffer from the short samples typically used in decadal
forecasting. For short records, error intervals for forecast quality estimates are very large. In
addition to this, it is important to take into account the approach used to estimate the
observed climatology.

The paper tries to address two main questions about ensemble spread in decadal prediction.
First, it analyzes how the predictions react to different perturbation methods. Second, it
estimates the rate at which the spread is generated, measured as the spread evolution with
the forecast time.

For T2M, precipitation, SST, a similar spread is generated in all cases, which means that the
spread is not determined by only atmospheric or oceanic perturbations. For sea ice, EC-Earth
shows different behaviour for the Arctic and the Antarctic. Arctic sea ice is not sensitive to
the way in which the initial conditions are perturbed, while oceanic perturbations are
fundamental to generate spread for Antarctic sea-ice area. The oceanic perturbations are
also critical to produce enough spread for the OHC, except when diagnosed for the mixed
layer. The oceanic perturbations are necessary to take into account the lack of observations
in the deep ocean, which is sampled with a large spread of the ocean initial conditions taken
from NEMOVAR. The averaged AMOC over 30-40°N and 1-2 km shows a slightly different
behaviour because while oceanic perturbations are important in the first half of the forecast,
atmospheric perturbations are as important afterwards.

The spread is generated at a fast rate for T2M, SST and precipitation while for the ocean
variables the spread increases over the whole forecast time. Hawkins and Sutton (2009)
investigated the growth of Atlantic ocean anomalies by using climatology singular vector to
generate perturbations for three-dimensional ocean temperature and salinity. Their results
show that growth of optimal perturbations with the lead time can occur in time scales longer
than 10 years. In our study, although we use a different perturbation method for the ocean,
OHC and SIA spread seems to be growing continuously over the full forecast period. This
suggests that longer simulation might be required for better understanding the amplification
of the perturbations for some ocean and sea-ice variables with forecast time.

In summary, while the spread for atmospheric variables like T2M, SST and precipitation grows
at a similar rate with any perturbation method, most of the ocean-related variables are more
sensitive to the oceanic perturbations. In the context of initialized decadal forecasting being
carried out with multiple forecast systems, some of them not having a way to perturb the
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ocean initial conditions, it is useful to learn that atmospheric perturbations can generate
enough spread for many useful variables, including in the ocean such as the SSTs and the
AMOC.
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